Transformation of Pleurotus ostreatus PC9 with the mutated heterotrimeric G protein alpha subunit (G) gene resulted in higher laccase (Lac) activity and intracellular cyclic adenosine monophosphate (cAMP) concentrations as compared to those in wild-type PC9. The transformant also exhibited higher Lac activity than the wild type when cultured in a medium containing known Lac inducers CuSO 4 and ferulic acid.
Transformation of Pleurotus ostreatus PC9 with the mutated heterotrimeric G protein alpha subunit (G) gene resulted in higher laccase (Lac) activity and intracellular cyclic adenosine monophosphate (cAMP) concentrations as compared to those in wild-type PC9. The transformant also exhibited higher Lac activity than the wild type when cultured in a medium containing known Lac inducers CuSO 4 and ferulic acid.
Key words: lignin; manganese peroxidase; laccase; mushroom White-rot fungi secrete at least one of three ligninolytic enzymes, lignin peroxidase (LiP), manganese peroxidase (MnP), and Lac, which are considered to play important roles in the degradation of wood lignin. Phanerochaete chrysosporium, one of the most widely studied white-rot fungi, produces LiP and MnP.
1) The cAMP signal transduction pathway is thought to regulate the production of LiP and MnP in P. chrysosporium, because reports suggest that exogenous and endogenous cAMP are important for the production of these enzymes, [2] [3] [4] [5] and that component genes of cAMP signaling pathways in P. chrysosporium are significantly upregulated under nutrient-limited (ligninolytic) conditions. 6) However, to the best of our knowledge, direct functional analysis of component genes of the cAMP pathway, as for example analysis of the overexpression and the repression of key proteins, has not been performed.
Lac secreted by filamentous fungi, especially whiterot fungi, is used in a broad array of industrial and environmental applications including food and beverage processing, 7, 8) the environment-friendly synthesis of fine chemicals, derivatization of biologically active compounds, 9) paper manufacture, textile whitening, and bioremediation of soil and water. 7, [10] [11] [12] [13] [14] Cryptococcus neoformans, which is non-ligninolytic and an opportunistic pathogenic fungus, also produces Lac which is then localized to the cell wall for melanin biosynthesis. 15, 16) Expression of the Lac is regulated by the cAMP signal transduction pathway. [17] [18] [19] Disruption of the G protein alpha subunit (G), GPA1, causes a defect in melanin production, which can be repaired by the addition of cAMP. 17) Four years after the finding, it was revealed that disruption of GPA1 also causes a decrease in Lac activity. 18) In addition, fungi with mutations in either the catalytic subunit or the regulatory subunit of protein kinase A (PKA) have been found to exhibit reduced Lac activity. 18) Moreover, disruption of TSP2-1, which encodes a Tsp2-type tetraspanin, resulted in continuous expression of Lac. Interestingly, the normal phenotype was restored by the addition of exogenous cAMP. 19) These findings suggest that balanced cAMP signaling is necessary for Lac expression in C. neoformans.
These findings also suggest that Lac-producing whiterot fungi, such as Pleurotus ostreatus, probably regulate Lac production via the cAMP signal transduction pathway. P. ostreatus can be utilized as a host in reproducible-efficient transformation systems. [20] [21] [22] [23] [24] In the present study, we created P. ostreatus transformants expressing dominant-activated G genes to overproduce intracellular cAMP and to analyze the relationship between the intracellular cAMP concentration and Lac production in this fungus. Our findings might prove useful in developing a Lac high-producting system with P. ostreatus. P. ostreatus monokaryotic strain PC9, for which a whole-genome database has been launched by the DOE Joint Genome Institute (http://www.jgi.doe.gov), was selected as host strain. Cultures were maintained on potato dextrose agar. To evaluate enzymes activities, strains were grown in 20 mL of glucose-peptone (GP) medium (2% glucose, 0.5% polypeptone, 0.2% yeast extract, 0.1% KH 2 PO 4 , and 0.05% MgSO 4 . 7H 2 O) containing 0.27 mM MnSO 4 , as described by Irie et al. 25) P. ostreatus also produces MnP. MnP activity was assayed by the method described in a previous report. 5) Lac activity was assayed using the method described by Salame et al. 23) One unit of enzyme activity was taken to represent guaiacol oxidation at 1 mmol/min. All assays were repeated 4 times, and the means and standard deviations of enzyme activity were calculated. The data for enzyme activities and mycelial growth were analyzed by 2-way repeated-measures ANOVA; sphericity assumptions were confirmed by y To whom correspondence should be addressed. Tel: +81-749-28-8324; Fax: +81-749-28-8477; E-mail: tirie@ses.usp.ac.jp Abbreviations: P. ostreatus, Pleurotus ostreatus; Lac, laccase; G, G protein alpha subunits; cAMP, cyclic adenosine monophosphate; LiP, lignin peroxidase; MnP, manganese peroxidase Mauchly's sphericity test (p > 0:05) and significant differences between the groups were determined by the Holm-Bonferroni method using R (http://www. r-project.org). Intracellular cAMP concentrations were analyzed by 2-way factorial ANOVA using R.
In Schizophyllum commune, the genes of G isoforms ScGP-A and ScGP-C were point-mutated to be the defect of the GTPase activity (dominant activation) by Yamagishi et al. 26) Upon transformation using the mutated genes, the S. commune transformants increased the intracellular cAMP levels and altered morphological development. 26) We used this protocol to construct cAMP overproducing strains in P. ostreatus. All the primers used in cloning and vector construction are listed in Supplemental Table S1 (see Biosci. Biotechnol. Biochem. Web site). The isoform genes putatively encoding G were registered in the P. ostreatus PC9 genome database. Phylogenetic analysis with ScGP-A and ScGP-C suggested that the genes encoding protein IDs 65367, 115090, 117454, and 130194 are orthologous to ScGP-A and ScGP-C (Supplemental Fig. S1A ). In the Needleman and Wunch algorithm (BLOSUM62), the percent identities and similarities of the amino acid sequences of the P. ostreatus genes to that of ScGP-A were 37.2-76.3% and 56.0-86.6% respectively, and to that of ScGP-C, 35.1-70.7% and 55.8-82.0%, respectively (Supplemental Fig. S1B) . Sequences of the open reading frames (containing the stop codon) were cloned by performing PCR and inserted into the pIp-DEST-GFP vector under the sdi1 promoter 27) by Gateway Ò LR clonase (Life Technologies). The pIp-DEST-GFP vector was constructed by replacing the Cbx R open reading frame in pTM1 20) with a Gateway Ò reading frame cassette (Life Technologies, carlsbad, CA) and the green fluorescence protein gene. To create dominant active mutants, we introduced point mutations in the plasmids by the substituting glutamine (Q) which is considered to be an importnat animo acid for the GTPase activity of G 26) (Q218 of protein ID 65367, Q204 of protein ID 115090, Q208 of protein ID 117454, and Q207 of protein ID 130194), with arginine (R). The resulting vector plasmids are shown in Supplemental Fig. S2 . The plasmid vectors were co-transformed with pTM1 into P. ostreatus PC9 as described in previous reports. 20, 23) Full-length insertion of the expression cassettes into the transformant genomes was confirmed by genomic PCR, and the same transcript levels in all the recombinant genes in all the transformants were indicated by performing semiquantitative RT-PCR (data not shown). Four transformants for each of the expression cassettes were obtained and representative data are presented in this report. Transformants 65367Q218R and 65367Q218R2 expressed dominant active mutant G proteins of protein ID 65367. Transformants 115090Q204R, 117454Q208R, and 130194Q207R expressed dominant active mutant G proteins of protein IDs 115090, 117454, and 130194 respectively.
When grown on potato dextrose agar plates, all the transformants showed growth rates that were almost identical to that of the wild type, with the exception of the transformant expressing the mutant G of protein ID 115090 (Supplemental Fig. S3 ). Transformants harboring the mutated gene of protein ID 65367 showed Lac activity up to 4-8 times higher than the wild type, as described for 65367Q218R and 65367Q218R2 (Fig. 1) . The Lac activities of the other transformants were not higher than that of the wild-type (Fig. 1) . The MnP activity of all transformants did not increase significantly more than that of wild type (data not shown). We also determined the intracellular cAMP concentrations of 65367Q218R and 65367Q218R2 with mycelia from day-6 and day-10 cultures under the same culture condition, as for enzyme analysis. cAMP levels were determined by Amersham cAMP Biotrak enzyme immunoassay (EIA) (GE Healthcare, Little Chalfont, UK) following the manufacturer's protocol. It revealed that intracellular cAMP concentrations in the transformants were approximately 5-7 times that in the wild type (Fig. 2) . This suggests that protein ID 65367 is an isoform of G which activates the adenylate cyclasemediated synthesis of cAMP from ATP, and that the overproduced cAMP increases Lac activity in P. ostreatus. The Lac activity of 65367Q218R2 was higher than that of 65367Q218R, whereas the transcript and the intracellular cAMP levels were similar. There is a slight possibility that a gene related to the expression of Lac was altered by the insertion of pTM1 and pIp65367Q218R into genomes of 65367Q218R or 65367Q218R2. Further study is required to identify the cause of the difference between the strains. 65367Q218R2 were cultured under Lac-inducing conditions with excess CuSO 4 and ferulic acid as inducers by a method described by Pezzella et al., with slight modifications.
28) The inoculum for liquid culture was prepared by pre-inoculating 100 mL of potato dextrose yeast broth (2.4% potato dextrose and 0.5% yeast extract) in a 300-mL flask with 20 agar plugs (diameter 5 mm), cut from the actively growing part of the colony and placed in a petri dish. The pre-inoculated flasks were incubated at 28 C in the dark on a rotary shaker, which was set at 125 rpm. After 5 d, 15 mL of the pre-culture was transferred to 500-mL flasks containing 150 mL of potato dextrose yeast broth supplemented with inducers (150 mm CuSO 4 and 2 mM ferulic acid dissolved in dimethyl sulfoxide; added at the 2nd day of culture). The cultures were then incubated in the dark at 28 C in a rotary shaker set at 125 rpm. It was found that the highest level of Lac activity in the 65367Q218R2 transformant occurred on day 6 (approximately 2 times the activity in the wild-type, Fig. 3) . In this study, we used monokaryotic strain PC9, for which a wholegenome database has been launched, but, growth rates and Lac activities of P. ostreatus monokaryotic strains are lower than those of P. ostreatus dikaryotic strains. 29) Lettera et al. found about 80,000 U/L of Lac production using novel dikaryotic strains made by mating with the monokaryotic strains they screened. 29) Genes related to the cAMP signaling pathway are thought to be used as target genes to improve such dikaryotic strains to increase Lac production. Surprisingly, our data indicate that two of the cAMP overproducing transformant, 65367Q218R and 65367Q218R2, did not upregulate MnP activity (data not shown). This contradicts previous reports that cAMP has an inducible effect on MnP expression in P. chrysosporium, [2] [3] [4] [5] but, the threshold concentrations of intracellular cAMP are different for lignin peroxidase and MnP in P. chrysosporium, 2) therefore, the cAMP concentrations in the transformants were probably insufficient to induce MnP expression in P. ostreatus. Further studies are required to explore this hypothesis. 
